Introduction {#sec1-1}
============

Parkinson\'s disease (PD) is a neurodegenerative disease characterized by severe motor deficits, including bradykinesia, resting tremor, postural instability and rigidity. The pathophysiological changes responsible for these motor deficits are associated with the selective death of dopaminergic neurons located in the substantia nigra pars compacta and the subsequent decrease of striatal dopamine content. Although L-dopa or monoamine oxidase B inhibitors, such as rasagiline, provide symptomatic relief, no available therapy can delay or halt the neurodegenerative process of PD (Chai et al., 2013; Lim et al., 2013; Buard et al., 2016). Therefore, an urgent clinical need exists for effective PD drugs and therapies. Effective therapies for PD may be achieved by target- and mechanism-based drug development (Trippier et al., 2013; Khanam et al., 2016). Previous studies have consistently indicated that oxidative stress and mitochondrial dysfunction are common mechanisms that lead to the demise of dopaminergic neurons in both familial and sporadic PD (Hwang, 2013; Yan et al., 2013; Kim et al., 2016). Rotenone is a toxin that selectively kills dopaminergic neurons (Lehmensiek et al., 2006; Ximenes et al., 2015; Jeitner et al., 2016). Once inside the neuron, rotenone produces hydrogen peroxide, superoxide, and hydroxyl radicals. This process causes lipid peroxidation and DNA oxidation and finally results in mitochondrial oxidative stress, mitochondrial dysfunction, and apoptosis (Xu et al., 2012; Hwang, 2013; Nataraj et al., 2017). Neuroprotective therapies for PD are presumed to suppress oxidative stress and reverse mitochondrial dysfunction. We mimicked the pathogenesis of PD *in vitro* by treating SH-SY5Y cells overexpressing A53T mutant α-synuclein with rotenone (Alberio et al., 2010; Ouzounoglou et al., 2014). This model of PD is widely used for studies of neuronal survival and apoptosis (Liu et al., 2015) and these cells can succumb to oxidative stress, mitochondrial dysfunction, and apoptosis (Li et al., 2014; Guardia-Laguarta et al., 2015; Paillusson et al., 2017). This model can also be used to identify neuroprotective agents and probe their underlying mechanisms.

Genistein (GS), the main active ingredient of Genista tinctoria, has neuroprotective properties against PD (Luo et al., 2011). Our preliminary experiments found that GS can protect neurons against various toxic stimuli; therefore, in the present study, multiple approaches were conducted to investigate the neuroprotective actions of GS and the underlying mechanisms.

Heme Oxygenase 1 (HMOX1) belongs to the phage 2 detoxifying enzymes, and together with glutathione peroxidase, plays a central role in neuronal protection (Barlow et al., 2005; Büeler 2009). They can be up-regulated in neurons *via* the activation of nuclear factor-erythroid 2-related factor 2 (NFE2L2) (Du et al., 2013; Kulasekaran et al., 2015; Kwon et al., 2015). Targeting NFE2L2 signaling may provide neuroprotection advantages. Furthermore, NFE2L2 activation is regulated by multiple signaling pathways, such as estrogen receptor (Zuo et al., 2013; Lopert et al., 2016; Li et al., 2017) and phosphoinositide 3-kinase/AKT pathways (Zoubeidi et al., 2010; Bowser et al., 2011; Xu et al., 2011; Wang et al., 2011; Sun et al., 2012; Park et al., 2013; Li et al., 2015). Whether these mechanisms are responsible for GS-mediated neuroprotection remains to be seen.

To investigate the mechanism of GS neuroprotection as a promising therapeutic target for PD, we performed *in vitro* experiments.

Materials and Methods {#sec1-2}
=====================

Cell culture {#sec2-1}
------------

SH-SY5Y cells overexpressing A53T mutant α-synuclein (Cell Resource Center of the Institute of Basic Medical Sciences, Peking Union Medical College/Chinese Academy of Medical Sciences, Beijing, China) were maintained in a 1:1 mixture of F12 nutrient medium (Sigma, St. Louis, MO, USA) and Dulbecco\'s modified Eagle\'s medium (DMEM, Gibco Life Technologies, Grand Island, NY, USA) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (Gibco Life Technologies), 2 mM L-glutamine, 50 U/mL penicillin, and 50 μg/mL streptomycin (Sigma). The cells were grown in DMEM (Gibco Life Technologies) containing 10% heat-inactivated horse serum (Sigma), 5% heat-inactivated fetal bovine serum, 50 U/mL penicillin, and 50 μg/mL streptomycin. The cells were maintained at 37°C in a humidified atmosphere of 95% air and 5% CO~2~. Cells below passage 10 and in the exponential growth phase were used in all experiments.

Drug preparation {#sec2-2}
----------------

GS (Shanghai Winherb Medical S&T Development, Shanghai China) was stored at 4°C as a stock solution (100 mM) in dimethyl sulfoxide (Sigma). Rotenone (Sigma) was dissolved in sterile distilled water containing 0.1% ascorbic acid as a stock solution (1 M). GS and rotenone stock solutions were diluted in DMEM/F-12 immediately before use.

Four cell groups were prepared. The control group was without any treatment. Cells in the rotenone group were treated with 50 μM rotenone for 24 hours. Cells in the GS group were incubated with 20 μM GS for 24 hours. Cells in the rotenone + GS group were incubated with 20 μM GS for 24 hours and then treated with 50 μM rotenone for 24 hours.

Analysis of cell viability and morphological changes {#sec2-3}
----------------------------------------------------

Cell viability was determined using cell a counting kit-8 kit (Dojindo Laboratories, Kyushu, Japan). A53T mutant α-synuclein-overexpressing SH-SY5Y cells were cultured in 96-well plates at a density of 1 × 10^4^ cells/well and grown for 24 hours. The cells were treated with rotenone for 24 hours or pre-incubated with GS for 24 hours and then incubated with or without rotenone for 24 hours. Cells incubated in DMEM/F12 containing an equivalent concentration of dimethyl sulfoxide (the highest concentration was less than 0.1%) were used as control cells. Thereafter, 10 μL of cell counting kit-8 solution was added to each well. The absorbance was detected at 450 nm on a microplate reader after 1 hour (SpectraFluor, Tecan, Sunrise, Austria). Cell viability was expressed as a percentage of the control. Morphological changes were observed under a light microscope (Aote, Chongqing, China).

Determination of lactate dehydrogenase (LDH) activity {#sec2-4}
-----------------------------------------------------

LDH was measured using a lactate dehydrogenase assay kit according to the manufacturer\'s protocol (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). SH-SY5Y cells at 1 × 10^5^ cells/well were cultured in 6-well plates. The groups were prepared as above. The culture medium was collected and the level of extracellular LDH measured. The cells were harvested to measure the level of intracellular LDH activity.

Detection of cell DNA fragmentation with terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) {#sec2-5}
----------------------------------------------------------------------------------------------------------------------

DNA fragmentation in apoptotic SH-SY5Y cells was detected by the TUNEL assay by using the ApopTag Fluoresce In Situ Apoptosis Detection Kit (Millipore, Billerica, MA, USA). SH-SY5Y cells were cultured on cover slips. The groups and the interventions were as described above. After treatment, cells were washed twice with PBS and fixed in 4% neutral-buffered formalin solution for 30 minutes. The cells were then rinsed with PBS and incubated with a methanol solution containing 0.3% H~2~O~2~ for 30 minutes. Thereafter, the cells were incubated in a permeabilizing solution (0.1% sodium citrate and 0.1% Triton X-50) for 10 minutes. After rinsing in equilibration buffer, the cells were incubated with a working-strength TdT enzyme in a humidified chamber at 37°C for 1 hour. The cells were then rinsed in the stop/wash buffer and incubated with the working-strength anti-digoxigenin conjugate at room temperature for 30 minutes. After washing in PBS, the cells were counterstained with diamidino-2-phenylindole (DAPI) and viewed under a fluorescence microscope (Leica, Solms, Germany). For quantitative analysis, positively stained cells from five random visual fields (100 μm × 100 μm) were counted, and the result shown as the ratio of positively stained cells to total cells.

Determination of oxidation in mitochondria {#sec2-6}
------------------------------------------

Oxidation in mitochondria was determined after rotenone treatment for 24 hours using a glutathione kit, a malondialdehyde (MDA) kit, an adenosine triphosphate (ATP) kit, and a Na^+^-K^+^-ATPase kit (all from Nanjing Jiancheng Bioengineering Institute) according to the manufacturer\'s instructions. Results were visualized on photo-sensitive film (Amersham Biosciences Ltd., Chalfont St. Giles, UK) using enhanced chemiluminescence reagents (Pierce, Rockford, IL, USA).

Estrogen receptor and NFE2L2 inhibition {#sec2-7}
---------------------------------------

Estrogen receptor inhibitor (ICI-182780) and NFE2L2 inhibitor (ML385) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). SH-SY5Y cells were cultured in 6-well plates. To investigate the estrogen receptor and the NFE2L2 pathway, the cells were divided into six groups: a control group, a rotenone group, a GS group and a rotenone + GS group were treated as above; the M and ICI groups were treated with ICI182780 (100 nM) and ML385 (50 nM), respectively, for 24 hours. The M + GS and ICI + GS groups were pre-treated with 20 μM GS and then treated with ICI182780 (100 nM) and ML385 (50 nM), respectively, for 24 hours.

Western blot assays {#sec2-8}
-------------------

Protein levels were determined after rotenone treatment for 24 hours by western blot assays. Briefly, equal amounts of protein were separated by electrophoresis in 10% sodium dodecyl sulfate polyacrylamide gels and transferred onto nitrocellulose membranes. The membranes were incubated with 5% (w/v) non-fat milk in Tris-buffered saline containing 0.1% (v/v) Tween 20 for 2 hours to block nonspecific binding. The membranes were then incubated overnight at 4°C with primary antibodies. The primary antibodies used were as follows: rabbit polyclonal anti-estrogen receptor (1:2000); rabbit polyclonal anti-NFE2L2 (1:2000); rabbit polyclonal anti-Lamin B1 (1:1000); goat polyclonal anti-P-BAD (1:1000); rabbit polyclonal anti-BAD (1:2000); mouse monoclonal anti-BCL-2 (anti-apoptotic protein) (1:500); rabbit polyclonal anti-BAX (apoptotic protein) (1:2000); mouse monoclonal anti-Beclin 1 (anti-apoptotic protein) (1:500); goat polyclonal anti-cleaved caspase 3 (apoptotic protein) (1:1000); mouse monoclonal anti-HMOX1 (1:2000); rabbit polyclonal anti-AKT (1:2000), rabbit polyclonal anti-phospho-AKT (1:2000); and mouse monoclonal anti-GAPDH (1:1000) (all from Santa Cruz Biotechnology). After washing with Tris-buffered saline and Tween 20, the membranes were incubated for 1 hour at room temperature with peroxidase-conjugated secondary antibodies. The membranes were washed again with Tris-buffered saline and Tween 20, and the immunolabeling developed using an enhanced chemiluminescence reagent (Sigma). The protein levels were quantified by densitometry using Image J software (<https://imagej.nih.gov/ij/>).

Statistical analysis {#sec2-9}
--------------------

The data are expressed as the mean ± SD of three independent experiments. One-way analysis of variance followed by Student-Newman-Keuls *post hoc* test was performed for multiple group comparisons and two-group comparisons using GraphPad Prism 6.0 software (GraphPad Software Inc., CA, USA). A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

GS inhibited rotenone-induced cell death in SH-SY5Y cells overexpressing A53T mutant α-synuclein {#sec2-10}
------------------------------------------------------------------------------------------------

The potential protective effects of GS were investigated in SH-SY5Y cells overexpressing A53T mutant α-synuclein exposed to rotenone. First, the effect of rotenone was investigated in SH-SY5Y cells overexpressing A53T mutant α-synuclein. The treatment of SH-SY5Y cells with different concentrations (25, 50, 100, and 200 μM) of rotenone for 4, 8, 16, 24, and 32 hours decreased cell viability in a concentration- and time-dependent way ([**Figure 1A**](#F1){ref-type="fig"}). Cell viability was reduced to approximately 50% of the control when the cells were exposed to 50 μM of rotenone for 24 hours. Thus, the concentration of 50 μM and period of 24 hours were used for further investigations.

![GS inhibits rotenone-induced cell death in SH-SY5Y cells overexpressing A53T mutant α-synuclein.\
(A) Cell viability was reduced to approximately 50% of the control level when SH-SY5Y cells were exposed to 50 μM rotenone for 24 h. (B) Pre-incubation of SH-SY5Y cells with 40 μM GS for 32 h had almost no additional protective effect compared with that of 20 μM GS for 24 h, and cell viability recovered to 4/5 of the control level. (C) No significant difference in cell viability was found when SH-SY5Y cells were incubated for 24 h at different GS concentrations (10, 20, and 40 μM) compared with the control. (D) LDH assay; (E) cell counting kit-8 test. (F) Morphological changes observed using light microscopy: (a--d) phase contrast images. Control cultures (a) or cells challenged for 24 h with 50 μM rotenone after pre-treatment with GS 50 μM for 24 h (d) or without pretreatment (b). (c) GS treatment for 24 h only. Blue arrows point to living cells. Cell viability was determined using cell counting kit-8. Cell viability is expressed as a percentage of the control. Data are expressed as the mean ± SD (analysis of variance followed by Student-Newman-Keuls *post hoc* test). \*\**P* \< 0.01, *vs*. control group; \#\#*P* \< 0.01, *vs*. R group. NS: Not significant; R: rotenone; GS: genistein; LDH: lactate dehydrogenase; h: hours.](NRR-13-1375-g002){#F1}

Second, the potential protective effect of GS on rotenone-induced cell death in SH-SY5Y cells was explored. The pre-incubation of the cells with increasing concentrations (10, 20, and 40 μM) of GS for different time periods (4, 8, 16, and 24 hours) reversed the decreased cell viability caused by rotenone treatment. However, GS pre-incubation of the cells with 40 μM GS for 32 hours had no increased effect of protection compared with 20 μM GS for 24 hours, and the cell viability remained at 4/5 of control viability. This result suggested that the maximum protective influence was obtained with 20 μM GS for 24 hours. Therefore, the concentration of 20 μM and time period of 24 hours were selected for further investigations ([**Figure 1B**](#F1){ref-type="fig"}).

Third, the effect of GS on SH-SY5Y cells overexpressing A53T mutant α-synuclein was investigated. No significant difference in cell viability was found when the cells were incubated for 24 hours with different concentrations (10, 20, and 40 μM) of GS compared with the control cells (*P* = 0.928). This finding indicated that GS had no toxic effect on SH-SY5Y cells overexpressing A53T mutant α-synuclein ([**Figure 1C**](#F1){ref-type="fig"}).

The protective effect of GS was confirmed using an LDH release assay. Pre-incubation of SH-SY5Y cells with 20 μM GS for 24 hours decreased LDH release in cells treated with rotenone compared with the rotenone group (*P* = 0.0067). By contrast, GS pre-treatment without rotenone did not influence LDH release ([**Figure 1D**](#F1){ref-type="fig"}).

Similar to the LDH release results, pre-incubation with GS protected cells as assessed using the cell counting kit-8 test. Cell viability was increased with GS (20 μM) pre-incubation for 24 hours compared with the rotenone group (*P* = 0.0005). This finding indicated that GS pretreatment exerted a protective effect on rotenone treated cells.

There was no remarkable difference in cell morphology between GS and control groups under light microscopy examination ([**Figure 1Fa**](#F1){ref-type="fig"}, [**c**](#F1){ref-type="fig"}). The rotenone group showed obvious partial cell lysis. The number of cells decreased, the cells were irregular in shape, and the number of cell synapses decreased ([**Figure 1Fb**](#F1){ref-type="fig"}). However, GS pretreatment remarkably inhibited cell damage induced by rotenone ([**Figure 1Fd**](#F1){ref-type="fig"}).

GS inhibited rotenone-induced mitochondrial oxidative stress {#sec2-11}
------------------------------------------------------------

Compared with the control group, MDA content, glutathione content, ATP content, and Na^+^-K^+^-ATPase activity were reduced in the rotenone group (*P* \< 0.05) ([**Figure 2**](#F2){ref-type="fig"}). With rotenone treatment, antioxidant levels decreased; oxidative damage gradually occurred; mitochondrial capacity was blocked; and ATP production gradually diminished, resulting in a gradual reduction of enzyme activity ([**Figure 2**](#F2){ref-type="fig"}). However, GS pre-treatment increased glutathione content, ATP content, and Na^+^-K^+^-ATPase activity and decreased MDA content, compared with the rotenone group (*P* \< 0.05) ([**Figure 2**](#F2){ref-type="fig"}). GS significantly reversed the mitochondrial oxidative damage induced by rotenone.

![GS inhibits rotenone-induced mitochondrial oxidative stress.\
(A--D) MDA, GSH, and Na^+^-K^+^-ATPase activities, and ATP contents in mitochondria, respectively. Data are expressed as the mean ± SD (analysis of variance followed by Student-Newman-Keuls *post hoc* test). \*\**P* \< 0.01, *vs*. control group; \#\#*P* \< 0.01, *vs*. R group. R: Rotenone; GS: genistein; MDA: malondialdehyde; GSH: glutathione; ATP: adenosine triphosphate.](NRR-13-1375-g003){#F2}

GS inhibited rotenone-induced apoptosis in SH-SY5Y cells {#sec2-12}
--------------------------------------------------------

To investigate whether GS inhibits rotenone-induced apoptosis, p-BAD, BAD, caspase 3, Beclin 1, BCL-2 and BAX were analyzed using western blot assays ([**Figure 3A**](#F3){ref-type="fig"}). Compared with the control group, P-BAD, caspase 3 and Beclin 1 expression were significantly increased in the rotenone group (*P* \< 0.01) ([**Figure 3B**](#F3){ref-type="fig"}--[**D**](#F3){ref-type="fig"}), but BCL-2 expression was significantly decreased in the rotenone group (*P* \< 0.01; [**Figure 3E**](#F3){ref-type="fig"}), indicating that apoptosis was induced by rotenone. However, the BAD and caspase 3 levels were decreased in the GS group compared with the rotenone group (*P* \< 0.01) ([**Figure 3B**](#F3){ref-type="fig"}--[**D**](#F3){ref-type="fig"}), but BCL-2 and Beclin 1 levels were significantly higher in the GS group than in the rotenone group (*P* \< 0.05; [**Figure 3D**](#F3){ref-type="fig"}, [**E**](#F3){ref-type="fig"}), which demonstrates that GS has an inhibitory effect on rotenone-induced apoptosis in SH-SY5Y cells.

![GS inhibition of rotenone-induced apoptosis in SH-SY5Y cells.\
(A--E) Western blot assays of p-BAD, BAD, caspase-3, Beclin 1, BCL-2, BAX and GAPDH, respectively. (F) Immunofluorescence assessment of TUNEL staining. Scale bar: 50 μm. The blue strained cells are DAPI-positive cells; the green strained cells are TUNEL-positive cells. (G) Quantification of TUNEL-positive cells. Data are expressed as the mean ± SD (analysis of variance followed by Student-Newman-Keuls *post hoc* test). \*\**P* \< 0.01, *vs*. control group; \#\#*P* \< 0.01, *vs*. R group; R: Rotenone; GS: genistein; GAPDH: glyceraldehyde phosphate dehydrogenase; DAPI: 4′, 6-diamidino-2-phenylindole; TUNEL: transferase-mediated deoxyuridine triphosphate-biotin nick end labeling.](NRR-13-1375-g004){#F3}

DNA fragmentation is a typical marker of apoptosis. Therefore, nuclear fragmentation in apoptotic cells was detected to investigate the effects of GS on rotenone-induced apoptosis. DNA fragmentation and the number of TUNEL-positive cells were dramatically augmented in SH-SY5Y cells overexpressing A53T mutant α-synuclein exposed to rotenone compared with the control group. By contrast, pretreatment with GS effectively reversed these changes induced by rotenone, but GS alone had no effect on DNA fragmentation ([**Figure 3F**](#F3){ref-type="fig"}). This result indicated that the apoptosis rate was significantly increased when the cells were challenged by rotenone ([**Figure 3G**](#F3){ref-type="fig"}) and that these changes were markedly reversed by GS pre-incubation. GS treatment without rotenone had no effect on the apoptosis rate. These results indicated that GS was capable of rescuing SH-SY5Y cells overexpressing A53T mutant α-synuclein from rotenone-induced apoptotic death.

GS activated NFE2L2 pathways in SH-SY5Y cells {#sec2-13}
---------------------------------------------

Given that NFE2L2 activation has beneficial effects on cell survival, we examined the effect of GS on NFE2L2 and on activation of its downstream protein HMOX1 in SH-SY5Y cells by western blot assays ([**Figure 4A**](#F4){ref-type="fig"}). SH-SY5Y cells treated with GS exhibited enhanced levels of nuclear NFE2L2 accumulation and HMOX1 activity (Figure [**4B**](#F4){ref-type="fig"}, [**C**](#F4){ref-type="fig"}). However, compared with the control group, the activation of NFE2L2 and HMOX1 was significantly inhibited in the rotenone group (*P* \< 0.01). Pretreatment with GS reduced the inhibitory effect of rotenone on NFE2L2 and HMOX1 (*P* \< 0.01). However, after blocking NFE2L2 with the inhibitor ML385, GS did not promote activation of the downstream protein HMOX1 ([**Figure 4C**](#F4){ref-type="fig"}).

![GS activated NFE2L2 pathways in SH-SY5Y cells.\
(A) Western blot assays of NFE2L2, Lamin B1, HMOX1 and GAPDH. (B) Optical density ratio of NFE2L2/Lamin B1. (C) Optical density ratio of HMOX1/Lamin B1. Data are expressed as the mean ± SD (analysis of variance followed by Student-Newman-Keuls *post hoc* test). \*\**P* \< 0.01, *vs*. control group; \#\#*P* \< 0.01, *vs*. R group. The control group was without any treatment; the R group was treated with 50 μM rotenone for 24 hours; the GS group was incubated with 20 μM GS for 24 hours; the R + GS group was incubated with 20 μM GS for 24 hours and then treated with 50 μM rotenone for 24 hours. The M group was treated with ML385 (50 nM) for 24 hours; the M + GS group was pre-treated by 20 μM GS and then treated with ML385 (50 nM) for 24 hours. R: Rotenone; GS: genistein; M: NFE2L2 inhibitor ML385. GAPDH: glyceraldehyde phosphate dehydrogenase; NFE2L2: nuclear factor-erythroid 2-related factor 2.](NRR-13-1375-g005){#F4}

Dependence of GS-mediated NFE2L2 activation on estrogen receptor pathways {#sec2-14}
-------------------------------------------------------------------------

To delineate the pathway involved in GS-mediated NFE2L2 activation, SH-SY5Y cells overexpressing A53T mutant α-synuclein were pretreated with estrogen receptor inhibitor, ICI-182780 (20 μM). The activation of NFE2L2 and HMOX1 was assessed by western blot detection of the estrogen receptor and phosphorylation of its downstream protein, AKT. ICI-182780 effectively prevented the upregulated level of NFE2L2 mediated by GS ([**Figure 5A**](#F5){ref-type="fig"}--[**E**](#F5){ref-type="fig"}). Inhibition of the estrogen receptor significantly suppressed the phosphorylation of AKT (*P* \< 0.01; [**Figure 5B**](#F5){ref-type="fig"}). The GS-mediated enhancement of NFE2L2 and HMOX1 activity was also abolished by treating SH-SY5Y cells with ICI-182780 (*P* \< 0.01) (Figure [**5D**](#F5){ref-type="fig"}, [**E**](#F5){ref-type="fig"}). GS activates NFE2L2 signaling *via* estrogen receptor activation in SH-SY5Y cells overexpressing A53T mutant α-synuclein.

![Dependence of GS-mediated NFE2L2 activation on ER pathways.\
(A) Western blot assays of ER, P-AKT, T-AKT, NFE2L2, Lamin B1, HMOX1 and GAPDH; (B--E) Optical density ratio of ER/GAPDH, P-AKT/T-AKT, NFE2L2/Lamin B1, HMOX1/GAPDH. Data are expressed as the mean ± SD (analysis of variance followed by Student-Newman-Keuls *post hoc* test). \*\**P* \< 0.01, *vs*. control group; \#\#*P* \< 0.01, *vs*. R group. The control group was without any treatment; the R group was treated with 50 μM rotenone for 24 hours; the GS group was incubated with 20 μM GS for 24 hours; the R + GS group was incubated with 20 μM GS for 24 hours and then treated with 50 μM rotenone for 24 hours. The ICI group was treated with ICI182780 (100 nM) for 24 hours; the ICI + GS group was pre-treated with 20 μM GS and then treated with ICI182780 (100 nM) for 24 hours. NS: No significance; R: rotenone; GS: genistein; ER: estrogen receptor; ICI: ER inhibitor ICI-182780; GAPDH: glyceraldehyde phosphate dehydrogenase; NFE2L2: nuclear factor-erythroid 2-related factor 2; p-AKT: phosphorylated AKT; T-AKT: total AKT.](NRR-13-1375-g006){#F5}

Discussion {#sec1-4}
==========

PD is a neurodegenerative disease that causes the selective death of dopaminergic neurons in the substantia nigra. Although the etiology and pathogenesis of PD are not completely elucidated, accumulating evidence indicates that rotenone, a hydroxylated dopamine metabolite, contributes to neuronal cell death in PD (Andrew et al., 1993; Chambers et al., 2013; Leal et al., 2016; Peng and Zhao, 2016).

Rotenone can produce superoxide, hydroxyl radicals, and hydrogen peroxide, which can cause lipid peroxidation and DNA oxidation resulting in mitochondrial oxidative stress, mitochondrial dysfunction, and apoptosis (Hwang, 2013; Nataraj et al., 2017; Rocha et al., 2017). Rotenone is widely accepted as a toxin for the induction of *in vivo* and *in vitro* PD models (Sriraksa et al., 2012; Chambers et al., 2013; Tovilovic et al., 2013). This study investigated the neuroprotective effect of GS and the underlying mechanisms using an *in vitro* model of rotenone-induced cell death in SH-SY5Y cells overexpressing A53T mutant α-synuclein. This model bypasses any possible physiological feedback interactions of an *in vivo* model.

Rotenone caused oxidative stress in SH-SY5Y cells overexpressing A53T mutant α-synuclein, which is consistent with previous studies (Cunha et al., 2013; Pasban-Aliabadi et al., 2017). Oxidative stress proceeded after the cells' anti-oxidative ability was saturated by the production of reactive oxygen species. In this study, an increase in MDA levels and a striking decrease in the activities of HMOX1 were observed in rotenone-treated cells. However, these rotenone effects were suppressed by GS pre-incubation.

HMOX1 has a central function in neuroprotection against oxidative stress. HMOX1 is a rate-limiting enzyme that promotes the oxidative catabolism of heme and produces biliverdin, carbon monoxide, and ferrous iron. HMOX1 expression is controlled by an important transcription factor, NFE2L2. In the basal state, NFE2L2 is sequestered in the cytoplasm with NFE2L2-Kelch-like ECH-associated protein 1 (Keap1). When activated, NFE2L2 detaches from the NFE2L2--Keap1 complex and translocates to the nucleus. NFE2L2 then combines with the antioxidant responsive element to induce the expression of phage 2 detoxifying enzymes (Kim et al., 2008; Kang et al., 2015; Jeong et al., 2016). We found that the nuclear translocation of NFE2L2 in SH-SY5Y cells overexpressing A53T mutant α-synuclein increased in response to GS stimulation in a time-dependent manner. The actions of HMOX1 also increased in a time-dependent manner in response to GS incubation. To determine whether elevation of HMOX1 activity is dependent on NFE2L2 activation, we treated cells with the NFE2L2 inhibitor, ML385. The GS-mediated up-regulation of HMOX1 activity was effectively inhibited by ML385. The neuroprotective effect of GS was also partly suppressed by ML385. Moreover, the level of NFE2L2 was down-regulated by rotenone, as were the activities of HMOX1. However, GS pre-incubation effectively inhibited these changes induced by rotenone. These results indicate that the neuroprotective effect of GS results partly from NFE2L2-dependent enhancement of HMOX1.

Our results are consistent with those of a previous study in which rotenone resulted in mitochondrial dysfunction and apoptosis in SH-SY5Y cells overexpressing A53T mutant α-synuclein (Nataraj et al., 2017). This was manifested by mitochondrial oxidative stress, caspase-3 activation, DNA fragmentation, and an increased rate of apoptosis. However, GS was effective in protecting SH-SY5Y cells overexpressing A53T mutant α-synuclein against rotenone-induced apoptosis. This is the first study to report the neuroprotective effect of GS against rotenone-induced apoptosis. The deregulation of BCL-2 is responsible for the mitochondrial dysfunction induced by rotenone. In the presence of apoptotic factors, the pro-apoptotic protein BAD interacts with the anti-apoptotic protein BCL-xl, thereby releasing the pro-apoptotic protein BAX from the BCL-xl--BAX complex. BAX can disrupt the mitochondrial membrane, causing the release of cytochrome c from the mitochondria. Consequently, caspase-3 is activated and apoptosis is initiated (Yang et al., 1995; Maurya et al., 2016; Wang et al., 2017). However, BAD can be inhibited when it is phosphorylated at serine 112. Therefore, promoting the phosphorylation of BAD at serine 112 contributes to apoptosis inhibition (Bonni et al., 1999; Gu et al., 2004). We therefore investigated the effect of GS on BAD. GS time-dependently increased BAD phosphorylation, thereby preventing rotenone-induced apoptotic cell death. To our knowledge, this is the first study showing GS neuroprotection against rotenone-induced apoptosis.

Given that GS activated NFE2L2 in a time-dependent manner, the fact that GS-mediated protection was achieved by pre-incubation only rather than co-treatment with rotenone was not surprising and can be attributed to the time needed for the transcription and translation needed. However, the mechanism of NFE2L2 activation is still unclear. Previous studies showed that estrogen receptor pathways might be involved in NFE2L2 activation in various cell types (Zoubeidi et al., 2010; Bowser et al., 2011; Xu et al., 2011; Wang et al., 2011; Sun et al., 2012; Park et al., 2013; Li et al., 2015). To ascertain which pathway participated in the activation of NFE2L2 mediated by GS, we used the estrogen receptor inhibitor, ICI-182780. We found that ICI-182780 achieved a nearly complete inhibition of NFE2L2 activation. This indicated that the estrogen receptor was involved in GS-mediated NFE2L2 activation. Moreover, GS-mediated neuroprotection was partly inhibited by ML385 and completely abolished by ICI-182780. These results indicate that the immediate upstream activator of NFE2L2 was the estrogen receptor, and that these factors are all involved in GS-mediated neuroprotection either directly or indirectly.

Although NFE2L2 activation was clearly activated by estrogen receptor signaling pathways, the occurrence of cross talk between NFE2L2 and estrogen receptor was not clearly elucidated. Detailed experiments are needed to investigate the exact underlying mechanism. Furthermore, the protective effect of GS on different neuronal cell types remains to be determined. Taken together, we have demonstrated the neuroprotective effects of GS *in vitro*. GS is therefore a promising candidate drug for PD treatment that may provide an alternative adjunctive medication for the treatment of this neurodegenerative disease. GS exhibited neuroprotective effects against rotenone-induced apoptosis in SH-SY5Y cells. The mechanism of this neuroprotection was associated with GS-mediated NFE2L2 activation *via* estrogen receptor pathways.
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